Zinc is an essential trace element and catalytic/structural component used by many metalloenzymes and transcription factors. Recent studies indicate a possible correlation of zinc levels with the cancer risk; however, the exact role of zinc and zinc transporters in cancer progression is unknown. We have observed that a zinc transporter, ZIP4 (SLC39A4), was substantially overexpressed in 16 of 17 (94%) clinical pancreatic adenocarcinoma specimens compared with the surrounding normal tissues, and ZIP4 mRNA expression was significantly higher in human pancreatic cancer cells than human pancreatic ductal epithelium (HPDE) cells. This indicates that aberrant ZIP4 up-regulation may contribute to the pancreatic cancer pathogenesis and progression. We studied the effects of ZIP4 overexpression in pancreatic cancer cell proliferation in vitro and pancreatic cancer progression in vivo. We found that forced expression of ZIP4 increased intracellular zinc levels, increased cell proliferation by 2-fold in vitro, and significantly increased tumor volume by 13-fold in the nude mice model with s.c. xenograft compared with the control cells. In the orthotopic nude mice model, overexpression of ZIP4 not only increased the primary tumor weight (7.2-fold), it also increased the peritoneal dissemination and ascites incidence. Moreover, increased cell proliferation and higher zinc content were also observed in the tumor tissues that overexpressed ZIP4. These data reveal an important outcome of aberrant ZIP4 expression in contributing to pancreatic cancer pathogenesis and progression. It may suggest a therapeutic strategy whereby ZIP4 is targeted to control pancreatic cancer growth.
P
ancreatic cancer is the fourth leading cause of cancer-related deaths in North America. Although some progress has been made in surgery, chemotherapy, and radiation therapy in recent decades, the incidence of pancreatic cancer still remains equal to the mortality rate (1) (2) (3) . Survival statistics are poor because there are no reliable tests for early diagnosis and no effective therapies for the metastatic form of pancreatic cancer. The only curative treatment for pancreatic cancer is surgical resection. However, eighty percent of pancreatic adenocarcinomas are not resectable in the patients with clinical symptoms (3, 4) . Clearly, there is a pressing need to understand more about pancreatic cancer pathogenesis and to develop an effective treatment for pancreatic cancer. It must be beneficial for therapeutics of pancreatic cancer to target genes that are either more specifically expressed in pancreatic cancer or genes that are involved in multiple pathways, such as cellular metabolism or nutritional uptake. Despite the implication in many malignant cells, the roles of altered cellular metabolism or the interaction between genetics and the environment as an essential factor in cancers, especially in pancreatic cancer, has been largely ignored (5, 6) .
Zinc is an essential trace element and catalytic/structural component used by many metalloenzymes and transcription factors that contain zinc-finger motifs (7, 8) . Zinc deficiency in animals leads to growth retardation, decreased food intake, impaired DNA synthesis, immune system dysfunction, and severe dermatitis (9) . Zinc availability is also important for tumor growth and progression because zinc is a critical component for many enzymes such as carbonic anhydrase and matrix metalloproteinases (MMPs), which are involved in hypoxia, angiogenesis, cell proliferation, and metastasis of cancer (10, 11) . High zinc concentrations are toxic to the cells, therefore, cells have evolved a complex system to maintain the balance of zinc uptake, intracellular storage, and efflux (12, 13) . Two solute-linked carrier (SLC) gene families were identified in zinc transport, SLC30, which encodes for zinc transporter (ZnT) proteins, and SLC39, which encodes for Zrt-, Irt-like proteins (ZIP) (13) (14) (15) . They appear to have opposite roles in cellular zinc homeostasis. ZnT transporters reduce intracellular zinc availability by promoting zinc efflux from cells or into intracellular vesicles, whereas ZIP transporters increase intracellular zinc availability by promoting extracellular zinc uptake and vesicular zinc release into the cytoplasm. Both ZnT and ZIP transporter families exhibit unique tissue-specific expression, differential responsiveness to dietary zinc deficiency and excess, and differential responsiveness to physiologic stimuli via hormones and cytokines (16) . In a recent study, low levels of ZnT1 have been observed in mammary gland tumor cells. The zinc concentration in these cells is also higher than that in normal cells, which suggests that zinc transport is misregulated in these proliferating tumor cells, and zinc availability might be essential for tumor cell growth (17) . In another study, ZIP6 (also known as LIV-1), a breast cancer-associated protein, which belongs to a new subfamily of ZIP transporters, has been found to be associated with estrogen-positive breast cancer and metastasis to lymph nodes (18) . Similarly, Kagara et al. (19) found that zinc and the transporter ZIP10 were involved in invasive behavior of breast cancer cells. Those studies suggest a positive correlation between zinc or zinc importers and cancer progression.
ZIP4, encoded by the SLC39A4 gene, plays an important role in maintaining the cellular zinc level by uptaking dietary zinc into intestinal epithelial cells and releasing zinc from vesicular compartments (7, 12, 20) . Mutations in the SLC39A4 gene are thought to be the reason for a genetic disorder of zinc-deficiency acrodermatitis enteropathica (AE) (8, 21) . Recently, we found in molecular profiling studies that ZIP4 mRNA levels were markedly higher in human pancreatic cancer (22) . In light of the importance of zinc in maintaining activities of many enzymes, signaling pathways, and transcription factors, we hypothesized that aberrant ZIP4 expression may contribute to pancreatic cancer tumorigenesis. It is of great interest to investigate the role of ZIP4 in cancers, especially in pancreatic cancer, in which very little is known about the effects of the zinc level and zinc transporters in pancreatic cancer progression. In this study, we examined the expression levels of ZIP4 in human pancreatic cancer tissues and cell lines and the functional contributions of ZIP4 to cancer growth in vitro and in vivo. This study has identified a previously uncharacterized factor in pancreatic malignancy, thereby suggesting a target for cancer therapy.
Results

ZIP4 Is Overexpressed in Human Pancreatic Cancer Tissue Specimens
and Cell Lines. ZIP4 (SLC39A4) mRNA was found by microarray to be overexpressed in human pancreatic cancer tissue samples compared with normal and pancreatitis samples (Fig. 1A) . To confirm the microarray data, we examined ZIP4 expression in 17 pairs of human pancreatic cancer tissues with the surrounding normal tissues and five pancreatitis tissues. We also examined the ZIP4 expression in eight human pancreatic cancer cell lines. ZIP4 mRNA was substantially overexpressed in 16 of 17 (94%) clinical pancreatic-adenocarcinoma samples compared with that in their surrounding normal tissues ( Fig. 1B and Table 1 ). In all five pancreatitis tissues, ZIP4 mRNA was as low as that in the surrounding normal tissues (data not shown). Overall, the average mRNA expression in 17 pancreatic cancer tissues was 5.5 times that in the surrounding normal tissues. The tumor samples also showed strong immunoreactivity to human ZIP4 Ab (Fig. 1C) . ZIP4 expression was differentially higher in seven human pancreatic cancer cell lines (Panc-1, BxPC-3, Hs766T, ASPC-1, Capan-1, HPAF-II, and PL45) compared with that in human pancreatic ductal epithelium (HPDE) cells, but the expression of ZIP4 in MIA PaCa-2 cells was similar to that in HPDE cells (Fig. 1D) . Thus, high expression of ZIP4 in the majority of pancreatic cancer tissue specimens and cell lines suggests that this zinc transporter may contribute to cancer growth.
Overexpression of ZIP4 Increases the Proliferation of Pancreatic
Cancer Cells. To study the potential functions of ZIP4 in pancreatic cancer, three stably overexpressing ZIP4 cell lines were established in MIA PaCa-2 cells (MIA-ZIP4) by using a retrovirus vector (pBabe, Clontech). Parental MIA PaCa-2 cells express less ZIP4 than other pancreatic cancer cell lines (shown in Fig. 1D ). Stable cells containing empty vectors (MIA-V) were also established in MIA PaCa-2 cells as controls. Overexpression of ZIP4 in all three MIA-ZIP4 cells was confirmed when compared with MIA-V controls by real-time PCR and Western blotting. ZIP4 overexpression in a representative MIA-ZIP4 stable cell line is shown in Fig.  2 A and B (124-fold increase in mRNA). MIA-ZIP4 cells accumulated more zinc than MIA-V cells by 73% (P Ͻ 0.05, Fig. 2C ), indicating that the overexpressed ZIP4 protein was fully functional in transporting zinc ion into the cells. MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] assay showed that overexpression of ZIP4 in MIA-ZIP4 cells was associated with increased cell proliferation by 101% on day 5, compared with that in MIA-V (P Ͻ 0.01, Fig. 2D ) under a serum-starvation condition but not in the presence of serum. These results indicate that ZIP4 plays an important role in cell proliferation in these pancreatic cancer cells.
We also found a dose-dependent increase of cell proliferation when low concentrations of ZnCl 2 were added (in the range of 1-25 M) to MIA-ZIP4 cells. No significant increase of cell proliferation was found in MIA-V cells upon addition of ZnCl 2 . However, when a higher concentration of ZnCl 2 was added (Ϸ50 M) to MIA-ZIP4 cells, cell proliferation was dramatically decreased, probably because of the toxicity of zinc. In contrast, MIA-V cells were less sensitive to zinc than MIA-ZIP4 cells, probably because MIA-V cells take up less zinc than MIA-ZIP4 cells. When exogenous ZnCl 2 exceeds 50 M, both MIA-V and MIA-ZIP4 cells were killed (Fig. 2E ). 3C ), indicating that the overexpressed ZIP4 absorbed more zinc, and an increased amount of zinc is necessary for pancreatic cancer progression.
ZIP4 Enhances Pancreatic Cancer Progression in the Nude Mouse
Model of Orthotopic Xenograft. MIA-ZIP4 cells significantly increased tumor weight by 7.2-fold after 7 weeks compared with MIA-V control cells in the orthotopic model (P Ͻ 0.01, Fig. 4 A-C). Furthermore, mice given injections of MIA-ZIP4 cells showed jaundice (20%), multiple peritoneal dissemination (100%), and severe abdominal ascitic fluid (40%), whereas only 20% of MIA-V control mice showed mild peritoneal dissemination but no other symptoms ( Fig. 4C and Table 2 ). Further analysis of the primary pancreatic tumors for zinc concentration showed that, overall, 80% more zinc was detected in the tumors from the mice implanted with MIA-ZIP4 cells than the tumors from the mice implanted with MIA-V cells (P Ͻ 0.05, Fig. 4D ). Those results indicate that ZIP4 could be a malignant factor that significantly contributes to pancreatic cancer progression in vivo.
Discussion
Nutrient uptake and cellular metabolism play essential roles in normal cell cycle and function; therefore, alteration of these events is often associated with cancer. Several studies indicated that zinc transport and metabolism were associated with cancer progression, especially in breast cancer (19, 23) . However, the molecular mechanism of how zinc transporters regulate cancer growth remains unclear, and there are no reports available on zinc transporters and human pancreatic cancer. In this study, we have shown that the overexpression of ZIP4, a zinc importer, was significantly increased in most human pancreatic cancer cell lines and surgical specimens of human adenocarcinoma. Forced overexpression of ZIP4 increased the proliferation of pancreatic cancer cells, and significantly increased tumor growth in both s.c. and orthotopic xenografts of the nude mouse models. Such evidence that zinc transport plays a critical role in pancreatic cancer progression is previously undescribed.
Previous studies on zinc concentration in serum and tumor tissues in cancer patients were contradictory. Several reports indicated that levels of zinc in the serum and malignant tissues decreased in liver and prostate cancers (5, 24) . However, in breast cancer patients, the zinc levels were decreased in the serum but increased in tumor tissues (23) (24) (25) . This apparent difference between those studies may be due to different tissue and organ sites, which have different mechanisms for zinc uptake (16) . Very few studies have been done in connecting zinc metabolism and zinc transporters with cancer progression. In a recent screening of clinical breast cancer samples for ZIP10 mRNA expression, it was found that ZIP10 was associated with the metastasis of breast cancer to the lymph node, and expression of ZIP10 mRNA was higher in the invasive and metastatic breast cancer cell lines MDA-MB-231 and MDA-MB-435S than in less metastatic breast cancer cell lines MCF7, T47D, ZR75-1, and ZR75-30 (19) . Our data have shown that ZIP4 mRNA was significantly increased in 16 of 17 pancreatic cancer specimens and 7 of 8 pancreatic cancer cell lines compared with that in surrounding normal tissues and control HPDE cells, respectively. ZIP4 mRNA expression in pancreatic cancer tissues was also higher than that in chronic pancreatitis tissues. These results indicate that ZIP4 may be a promising marker in pancreatic cancer diagnosis. The overexpressed ZIP4 may provide an increased zinc supply to the fast growing tumor cells, in which the zinc availability is limited. Because ZIP4 functions at the plasma membrane (12, 15, 20) , other proteins or cellular factors may be involved in delivering zinc to its target proteins, which need zinc as an essential component, such as zinc-finger proteins and MMPs. In this regard, it has been shown that murine pancreatic metallothionein, an indicator of zinc homeostasis, is extremely sensitive to zinc availability (26) . Further studies are warranted in elucidating the zinc delivery pathway and the effects of zinc storage and release on target protein regulation in pancreatic cancer, which will help us to understand the role of zinc metabolism in pancreatic cancer progression.
Zinc plays an important role in cell growth and proliferation. Zinc deficiency is associated with diverse disorders, such as impaired immune response, growth retardation, delayed wound healing, retarded skeletal development, and osteoporosis (9, 27) . Previous studies have suggested a direct effect of zinc on both proliferation and differentiation of osteoblast-like cells. It has been indicated that zinc regulates cell proliferation through several different mechanisms. It is essential to enzyme systems that influence cell division and proliferation. Depleting zinc from the extracellular milieu results in decreased activity of deoxythymidine kinase and reduced levels of adenosine(5Ј)tetraphosphate(5Ј)-adenosine. Therefore, zinc may directly regulate DNA synthesis through these systems. Zinc also influences hormonal regulation of No. of mice with ascites 0 2 cell division. For example, the pituitary growth hormone (GH)-insulin-like growth factor-I (IGF1) axis is responsive to zinc status. Zinc appears to be essential for IGF1 induction during cell proliferation (9, 17) . Based on experiments in which the timing of the zinc requirement for DNA synthesis in cultured cells was examined, Chesters and Boyne (28) hypothesized that zinc was required for the accumulation and maintenance of a protein that mediated the entry of cells into S phase. Those studies suggest that zinc plays an essential role in cell proliferation and growth, possibly through influencing the DNA synthesis and cell cycle. However, a high concentration of zinc is toxic to the cells, and causes apoptosis (29) . Therefore, cells must have a homeostatic mechanism to maintain the intracellular zinc level within a narrow physiologic range through activity of the zinc transporters. Our study demonstrates that overexpressed ZIP4 increases pancreatic cancer cell proliferation under serum starvation conditions. We also found a dose-dependent increase of cell proliferation when a low concentration of exogenous ZnCl 2 was added (Ͻ20 M) to MIA-ZIP4 cells. No significant increase of cell proliferation was found in MIA-V cells upon addition of ZnCl 2 at this range. However, higher concentrations of ZnCl 2 (Ͼ50 M) caused dramatically decreased cell proliferation in MIA-ZIP4 cells, whereas MIA-V cells were less sensitive to zinc toxicity than MIA-ZIP4 cells. Those results indicated that zinc stimulated cell proliferation in human pancreatic cancer cells at relatively low concentrations. Overexpressed ZIP4 in pancreatic cancer cells MIA PaCa-2 (MIA-ZIP4) is functional because these cells take up more zinc than MIA-V control cells. Thus, MIA-ZIP4 cells may have better growth potential than MIA-V because of increased intracellular zinc. However, detailed molecular mechanisms are unknown and warrant further investigation. Relevant to these observations is the up-regulation of ZIP4 expression and plasma membrane localization in intestinal epithelial cells during zinc restriction (12, 20) . The negative responsiveness of mouse ZIP4 (mZIP4) to zinc availability in some cell types may prevent the cytotoxicity observed in the MIA-ZIP4 cells upon addition of zinc, where the ZIP4 promoter is not involved.
Zinc and zinc transporter ZIP10 have also been suggested to be associated with metastatic phenotype of breast cancer cells. Depletion of intracellular zinc and silencing of ZIP10 in invasive breast cancer cells caused a decrease in the migratory activity of these cells, which suggested a positive correlation between zinc import and cancer progression (19) . Similarly, ZIP6 (LIV-1) has been associated with estrogen-positive, metastatic breast cancer (18) . ZIP4, ZIP6, and ZIP10 are homologs of the nine-member LZT subfamily of ZIP transporters (16) . Consequently, our study showing that overexpression of ZIP4 significantly enhanced pancreatic cancer progression in both s.c. and orthotopic xenografts of nude mice is of great interest. Overexpression of ZIP4 not only increased the primary tumor size in the orthotopic nude mouse model but also increased the incidence of peritoneal dissemination and ascites in the mice. Further analysis of the s.c. and orthotopic pancreas tumors indicated that more zinc was accumulated in the tumors from the mice implanted with MIA-ZIP4 cells than the tumors from the mice implanted with MIA-V cells. Inside the solid tumor, zinc availability is limited; therefore, overexpression of ZIP4 may provide more zinc for tumor-related proteins that may require zinc, and therefore, support the tumor growth. This study of the ZIP4 function in human pancreatic cancer provides strong evidence that overexpression of ZIP4 is associated with enhanced cell proliferation and tumor growth, thereby indicating that ZIP4 plays a critical role in human pancreatic cancer progression.
Different types of parental pancreatic cancer cell lines expressed various levels of endogenous ZIP4, and we did not see a correlation between the in vitro growth and ZIP4 expression levels in these cells. The reasons for this are not completely understood. The in vivo data from ZIP4 overexpression stable cell lines (MIA-ZIP4) suggest that ZIP4 plays a critical role in tumor progression, likely by providing zinc to tumor-related proteins where zinc is limited in the solid tumor.
In summary, zinc and zinc transporter ZIP4 may be promising markers for pancreatic cancer. Therapies targeting ZIP4 have potential clinical significance in both human pancreatic cancer and other cancers with high expression of ZIP4.
Materials and Methods
Cells, Chemicals, and Human Tissue Specimens. Human pancreatic cancer cell lines, Panc-1, MIA PaCa-2, BxPC-3, Hs766T, ASPC-1, Capan-1, HPAF-II, and PL45, were purchased from the American Type Culture Collection (ATCC). The HPDE cells were provided as a generous gift from Dr. Ming-Sound Tsao (Ontario Cancer Institute, Toronto, ON, Canada) (30, 31) . All cells were cultured as described (32, 33) . The human ZIP4 (hZIP4) antibody was generated in rabbits against a KLH-conjugated 14-aa synthetic peptide and affinity-purified basically as described (20) . Other chemicals were from Sigma. Human pancreatic adenocarcinoma specimens were collected from patients who underwent surgery according to an approved human protocol (H-16215) at Baylor College of Medicine.
ZIP4 mRNA Detection. Sample preparation and microarray analysis (Affymetrix) were previously described (22) . The ZIP4 mRNA was analyzed by real-time RT-PCR as described (32, 33) . Briefly, real-time PCR was performed with total RNA by using the SYBR supermix kit (Bio-Rad). PCR included the following components: 100 nM each primer, diluted cDNA templates and iQ SYBR green supermix, and running for 40 cycles at 95°C for 20 sec and 60°C for 1 min. PCR efficiency was examined by serially diluting the template cDNA, and the melting-curve data were collected to check PCR specificity. Each cDNA sample was run as triplicates, and the corresponding no-reverse transcriptase (RT) mRNA sample was included as a negative control. The ␤-actin primer was included in every plate to avoid sample variations. The mRNA level of each sample for each gene was normalized to that of the ␤-actin mRNA. The amount of PCR products was measured by threshold cycle (Ct) values. The relative mRNA level was presented as unit values of 2ˆ[Ct (␤-actin) Ϫ Ct (gene of interest) ]. The primer sequences for human ZIP4 gene (SLC39A4) are: sense 5ЈATGTCAGGAGCGGGTCT-TGC3Ј; and antisense 5Ј GCTGCTGTGCTGCTGGAAC 3Ј.
Immunohistochemical Staining. Human pancreatic adenocarcinoma and surrounding normal tissues were collected and processed into 5-m slices. Fixed tissue slides were incubated in 0.3% hydrogen peroxide solution to quench endogenous peroxidase activity for 15 min and were subsequently washed with PBS. The slides were then incubated in blocking buffer for 30 min at room temperature before adding anti-hZIP4 antibody and incubated for 60 min at room temperature. The rabbit polyclonal anti-hZIP4 antibody was prepared basically as described (20) . After washing with PBS, the section was incubated with biotinylated secondary antibody for 30 min. An avidin-biotin reaction using peroxidase enzyme was used for protein detection (ABC kit; Vector Laboratories). Immune complexes were detected with diaminobenzidine (DAB) under a phase-contrast microscope. Mouse s.c. tumors were collected and processed into 5-m slices. Fixed tissue slides were incubated with anti-Ki67 antibody (Biodesign International) for 30 min at 4°C, before DAB visualization, and the sections were then mounted and observed under a phase-contrast microscope.
Stable Cell Line Selection. ZIP4 overexpression cells were selected in MIA PaCa-2 cells with retrovirus vector pBabe (Clontech), following manufacturer's instructions. Briefly, full-length human ZIP4 cDNA (BC062625) was cloned into pBabe vector, and the recombinant plasmid was cotransfected into 293T cells with plasmids PegPam3 and RDF (containing RD114 envelope). Viral supernatants were collected and transduced to the target cells. Stable cell
